The damage to pulmonary alveolar epithelial cells that occurs in many inflammatory conditions is thought to be caused in part by phagocytic neutrophils. To investigate this process, we exposed monolayers of purified rat alveolar epithelial cells to stimulated human neutrophils and measured cytotoxicity using a "Crrelease assay. We found that stimulated neutrophils killed epithelial cells by a process that did not require neutrophil-generated reactive oxygen metabolites. Pretreatment of neutrophils with an antibody (anti-Mol) that reduced neutrophil adherence to epithelial cells limited killing. Although a variety of serine protease inhibitors partially inhibited cytotoxicity, we found that neutrophil cytoplasts, neutrophil lysates, neutrophil-conditioned medium, purified azurophilic or specific granule contents, and purified human neutrophil elastase did not duplicate the injury. We conclude that stimulated neutrophils can kill alveolar epithelial cells in an oxygen metabolite-independent manner. Tight adherence of stimulated neutrophils to epithelial cell monolayers appears to promote epithelial cell killing.
Introduction
Injury to alveolar epithelial cells is a prominent feature in a variety of lung diseases. In the adult respiratory distress syndrome, destruction of alveolar epithelial cells has been noted to be a frequent and early finding (1, 2) . Loss of the permeability barrier formed by alveolar lining cells is likely to be an important factor contributing to the alveolar flooding which occurs in this condition (3) . Although the precise mechanisms of lung injury in the adult respiratory distress syndrome remain to be defined, many investigators have suggested that stimulated neutrophils are an important cause of lung damage in at least some cases of the disease (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .
To elucidate one potentially important mechanism of injury, we studied the cytotoxic effect of stimulated human neutrophils upon isolated rat alveolar epithelial cells. Using an in vitro cytotoxicity assay, we found that stimulated neutrophils kill epithelial cells in a manner that appears to require intimate neutrophil-epithelial cell contact but does not involve neutrophilgenerated oxygen metabolites.
Methods
Materials. Elastase (type I), trypsin (type III), soybean trypsin inhibitor (type II-S), deoxyribonuclease I (type HI), bovine serum albumin (A6003), Alveolar epithelial cell isolation procedure. Type II alveolar epithelial cells were isolated from specific pathogen-free Fischer 344 male rats (22) . In brief, the animals were anesthetized intraperitoneally with ketamine, the lung vasculature was perfused, and the airways were lavaged with Hanks' balanced salt solution lacking calcium and magnesium, and the alveolar epithelial cells were released by the intratracheal instillation of an elastase and trypsin mixture. After neutralizing the proteases, mincing the lungs, and removing the tissue pieces by filtration, the cellular suspension was incubated with Griffonia simplicifolia I lectin which agglutinates macrophages but not type II epithelial cells. After removing agglutinated cells by filtration through nylon mesh, the cells were suspended in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 100,000 U/liter penicillin, 100 mg/liter streptomycin, and 0.25 mg/liter amphotericin B. The suspension was added to tissue culture plates and incubated for 48 h in a 5% C02/air atmosphere at 370C. After 48 h, the cells formed confluent monolayers. The cells were >95% viable by trypan blue exclusion criterion and were 94±2% (mean±SD) type II cells by phosphine staining (23) . The cells were joined together by tight junctions, contained cytoplasmic lamellar bodies, and incorporated palmitate into disaturated phosphatidylcholine (22) .
Endothelial cells. Bovine pulmonary artery endothelial cells were provided by Dr. Una S. Ryan (University ofMiami School ofMedicine) (24). In our laboratory, the cells were maintained in the same medium as the epithelial cells. In preparation for cytotoxicity experiments, endothelial cells in their fifth to tenth passage were released by exposure to trypsin and ethylenediamine tetraacetic acid in Hanks' balanced salt solution lacking calcium and magnesium, pH 7.4. The cells were then suspended in medium and added to the wells of a 96-well plate at the same time that the epithelial cells were added. The plates were incubated for 48 h in 5% C02/air at 370C during which time the cells formed confluent monolayers.
Neutrophil isolation. Human neutrophils were isolated from heparinized (10 U/ml) peripheral venous blood by Ficoll-Hypaque density centrifugation, dextran sedimentation, and hypotonic lysis of residual erythrocytes (25) . The cells were >95% viable by trypan blue exclusion criterion. The cells were washed and maintained in Hanks' balanced salt solution lacking calcium and magnesium until immediately before use (<1 h). The cells were then centrifuged at 75 gfor 10 min and resuspended in Dulbecco's phosphate-buffered saline containing 1 mg/ml glucose and 0.1 mg/ml bovine serum albumin (D-PBS). Neutrophils from subjects with chronic granulomatous disease were made available by Dr. John T. Curnutte (Scripps Clinic and Research Foundation, La Jolla, CA). These neutrophils failed to produce detectable superoxide when stimulated by a variety of agents including PMA. Neutrophil lysates were prepared by sonicating (model 300, Artek Systems Corp., Farmingdale, NY) suspensions of neutrophils for three 20-s bursts. Supernatants of PMA-stimulated neutrophils were obtained by placing neutrophils into wells of 96-well plates in D-PBS, allowing them to sediment onto the bottom of the plate for 15 min, and then adding 25 ng/ml PMA. The plates were incubated at 37°C in humidified air for various periods of time. The cell-free media was removed and the supernatant used in the cytotoxicity studies. Purified neutrophil azurophilic and specific granules were provided by Dr. Curnutte. The granules were disrupted by freezethawing three times and sonicating for two 20-s bursts. Neutrophil cytoplasts were formed and isolated by the method of Roos et al. (26) .
Cytotoxicity assay. Neutrophil-induced cytotoxicity was measured by a 5"Cr-release assay. Target cells were suspended in media and placed into 96-well flat-bottomed tissue culture plates (Costar, Cambridge, MA).
After 32 h of incubation at 37°C in 5% C02/air, 0.8 MuCi Na2 [5"Cr]04 was added per well and the cells incubated for an additional 16 h. The monolayers were then washed three times with D-PBS and various reactants were added to the wells. Ifthe cytotoxic mechanism ofneutrophils was to be tested, neutrophils were mixed with appropriate inhibitors in 0.15 ml of D-PBS and then added to each well. The plates were incubated at 37°C in humidified air for 15 min during which time the neutrophils sedimented onto the epithelial cell monolayer. Next, a neutrophil stimulus was gently added in a volume of 0.05 ml and the plates were returned to the incubator for varying times. To determine the extent of cellular death, 0.1 ml ofmedium was removed from the wells and the radioactivity was measured (TmAnalytic, Elk Grove Village, IL). Ifthe 0.1-ml aliquot was removed with minimal agitation, the measured cytotoxicity was the same whether or not the media was centrifuged and only the supernatant was counted (P > 0.5, n = 8). Next, 0.1 ml of 1% Triton X-100 was added to the wells and the plates were incubated for 5 min. After mixing the contents ofthe well, 0.1 ml was removed and the radioactivity was measured. Using the results of these two measurements, it was possible to calculate both the amount of 51Cr that was originally bound by the cells and the percentage that was released into the media during the incubation period. By including wells containing epithelial cells that were exposed to D-PBS without further additions, the background release of 5"Cr could be measured. Using this information, the percentage ofspecific 5"Cr released from neutrophil-exposed cells was calculated by: percentage of specific 5"Cr-release = (A -B)/(C -B) X 100, where A is the counts per minute (cpm) released into the medium of the test sample, B is the cpm released from control, unexposed cells, and Cis the total cpm initially bound to the cells at the beginning of the experiment.
Cytotoxicity was also measured by the release of tritium from epithelial cells previously incubated with [3H leucine. After alveolar epithelial cells were isolated and cultured for 32 h, 0.2 MCi [3H]leucine were added to each well. After an additional 16 h of culture, the monolayers were rinsed three times with D-PBS and exposed to neutrophils. The percent release of tritium was measured using the method described for 5"Cr release, but the 0. l-ml aliquots were added to aqueous counting scintiflant (Amersham Corp., Arlington Heights, IL) and the radioactivity was measured in a scintillation counter using H# quench correction (LS 7500, Beckman Instruments, Inc., Fullerton, CA).
Neutrophil adherence. Neutrophil adherence to epithelial cell monolayers was performed using 5"Cr-labeled neutrophils. Neutrophils were isolated by the method outlined above and incubated with 8.0 uCi/ml of Na2[5Cr]04 in Hanks' balanced salt solution lacking calcium and magnesium for 1 h at 37°C. The labeled neutrophils were washed thrice and resuspended in D-PBS. Confluent monolayers of epithelial cells in 24-or 96-well plates were washed three times with D-PBS and neutrophils were added. After 15 min of incubation in room air at 37°C, PMA (25 ng/ml final concentration) was added. The plate was then incubated for 30 min without agitation. The medium in each well was removed and the wells were gently washed twice with 0.2 ml of D-PBS. The medium and washes were pooled and the radioactivity measured. Epithelial cell monolayers remained visually intact after the washes. Alternatively, the amount of radioactivity that remained adherent to the epithelial cell monolayer was measured after washing the wells twice with D-PBS and adding 1% Triton X-100 to solubilize neutrophil-associated 5"Cr. In addition, the amount of51Cr that leaked from PMA-stimulated neutrophils into the media during the incubation period was measured (6.5%) and subtracted from the total counts that were contained in the media and washes. Using these measurements, the percentage of neutrophils that adhered to the epithelial cell monolayers was calculated. Electron microscopy. Neutrophils were allowed to sediment for 15 min at 1 g onto monolayers ofepithelial cells contained in 35-mm culture dishes. After adding PMA to one set of cells and incubating for 30 min, an equal volume of 4% glutaraldehyde in 0.2 M cacodylate buffer, pH 7.4, was added. After 3 h at 4°C, the monolayers were gently washed twice with 0.1 M cacodylate buffer, pH 7.4, and postfixed with 2% osmium tetroxide for 1 h at 4°C. The cells were dehydrated while still in the culture dishes with graded alcohol steps and infiltrated with 100% alcohol/ epon mixtures. The samples were embedded in 1-mm-thick epon and then snapped free from the tissue culture dishes. Thin sections were cut, stained with uranyl acetate and lead citrate, and observed in a Philips 400 transmission electron microscope (Philips Electronic Instruments, Inc., Mahwah, NJ).
Assays. Neutrophil degranulation was measured by monitoring lysozyme (27) and myeloperoxidase (28) release. Neutrophils were suspended in D-PBS with or without various potential inhibitors and stimulated with PMA. The same amount of PMA per neutrophil was used as in the cytotoxicity experiments. After 30 min (lysozyme) or 4 h (myeloperoxidase) incubation at 37°C, the cells were centrifuged at 8,000 g for 2 min and the enzyme activities of the supernatant was measured.
The amount ofsuperoxide released in 30 min from stimulated neutrophils was measured by the method of McCord and Fridovich (29) . Hydrogen peroxide contained in medium was measured by the method of Ruch et al. (30) . Elastase activity of azurophilic granules was measured using orcein-elastin as substrate and standardized against porcine pancreatic elastase (31). Nonspecific protease activity was measured against Azocoll using the procedure outlined in the Calbiochem manual (La Jolla, CA). Protein concentration was measured by the method of Lowry et al. (32) using bovine serum albumin as the standard.
Statistical analysis. For a given day on which cytotoxicity assays were performed, 51Cr release was measured in quadruplicate or more for each experimental condition. Each condition was tested on at least two but usually three or more different days. The amount of 5"Cr released from epithelial cells exposed to a given number of neutrophils varied more from day to day than between replicates on the same day. To pool results from experiments performed on separate days, the data for a given condition was expressed as the percentage of specific "Cr release relative to the positive control on that day (epithelial cells exposed to PMA-stimulated neutrophils without inhibitors).
Analysis ofvariance with the Newman-Kuels multiple range test was used to determine the statistical ificance ofdifferences between means ofvarious groups (33) . Ifgroups were compared only with a single control condition, then Dunnett's test was employed. A 0.05 or less probability of type I error was considered statistically significant.
Results
When monolayers of"Cr-labeled epithelial cells were exposed to PMA-stimulated neutrophils, there was increased extracellular release of"Cr. The amount of "Cr released increased in a timedependent fashion approaching a plateau at 8-10 h (Fig. 1) . Epithelial cells exposed to medium alone spontaneously released 22.4±4.9% (mean±SD, n = 15) of their initially incorporated "Cr after 10 h of incubation. After 10 h of exposure to media alone, the monolayers appeared normal when visualized by phase-contrast microscopy, and 97.2±0.8% (SD, n = 8) of the cells were viable by trypan blue exclusion criterion. The addition of 1% fetal bovine serum to the media did not decrease the background release of "Cr (P > 0.5, n = 8).
The percentage of specific "Cr released (defined in Methods) from epithelial cells exposed to 5 X 10' unstimulated neutrophils or to 25 ng/ml PMA without neutrophils was not increased (P > 0.5) over that of cells exposed to D-PBS alone (Table I ). The amount of "Cr released from epithelial cells exposed to PMAstimulated neutrophils was dependent upon the number ofneutrophils added to the wells (Fig. 2) .
As another method to detect cytotoxicity, we measured release of radioactivity from epithelial cells which had been previously incubated in ['H]leucine-containing media. We found that the pattern of 'H released from epithelial cells exposed to stimulated neutrophils was similar to the pattern of "Cr release (Fig. 3 ).
Although the majority of our studies were performed using PMA as the neutrophil activator, we also measured the cytotoxic effect of neutrophils stimulated by other agents (Table I ). In In an effort to determine whether neutrophil-derived oxygen metabolites were involved in the injury process, we added superoxide dismutase (310 U/ml) and catalase (9,424 U/ml) to the tissue culture wells at the time of addition of neutrophils. Superoxide dismutase, which rapidly converts superoxide to hydrogen peroxide and 02, caused no reduction (P > 0.5) in the percentage of specific 5"Cr release (Table II) reduction (P < 0.01) in "Cr release. However, when the catalytic activity of catalase was destroyed by carboxymethylation, a statistically significant (P < 0.01) degree of protection remained. There was no difference (P > 0.2) in the "Cr released from epithelial cells exposed to neutrophils in the presence of active or inactive catalase.
To evaluate further the role of neutrophil-derived oxygen metabolites, we utilized neutrophils from subjects with chronic granulomatous disease. These neutrophils fail to release oxygen metabolites when stimulated with PMA but degranulate normally (34) . Neutrophils were available from two chronic granulomatous disease subjects, one of whom donated neutrophils on two occasions. PMA-stimulated neutrophils from the chronic granulomatous disease subjects caused an increase (P < 0.001) in the percentage of specific "Cr released from epithelial cells compared with cells exposed to buffer alone. The amount of 5'Cr released from epithelial cells exposed to chronic granulomatous disease neutrophils was compared with the amount released after concurrent exposure ofepithelial cells to stimulated neutrophils from normal donors (Table II) . On two of three occasions, there was no difference (P > 0.5) in "Cr released from epithelial cells exposed to neutrophils from normal subjects or from patients with chronic granulomatous disease. On one test day, the percentage of "Cr released from epithelial cells incubated with neutrophils from a patient with chronic granu- (26) . When epithelial cells were exposed to 2.5 X 106 neutrophil cytoplasts stimulated with 25 ng/ml PMA, no statistically significant increase in the percentage of specific "Cr release ( 1.1±3. 2 [mean±SE], n = 8) was seen. To verify that our stimulated neutrophil cytoplasts were generating oxygen metabolites, we measured the superoxide dismutase-inhibitable reduction of ferricytochrome C in wells containing 2.5 X 106 cytoplasts stimulated with PMA. In the absence of PMA, the cytoplasts released 9.5 nmol superoxide/106 cells over 30 min (n = 4). In the presence of25 ng/ml PMA, the amount ofsuperoxide released increased to 25.7 nmol/106 cells over 30 min.
Based on the combination of results using superoxide dismutase, catalase, neutrophil cytoplasts, and chronic granulomatous disease neutrophils, we conclude that in our system, a substantial portion of neutrophil-induced epithelial cell killing is independent of neutrophil-generated oxygen metabolites. Because reports by other investigators have demonstrated that stimulated neutrophils can kill isolated endothelial cells via oxidant mechanisms (35) (36) (37) (38) , we hypothesized that our alveolar epithelial cells might be more resistant to oxidant challenge. To test this possibility, we exposed bovine pulmonary artery endothelial cells and rat alveolar epithelial cells to increasing concentrations of hydrogen peroxide and measured the cytotoxic effect using our standard assay. Using the constructed dose-response curves, we found that the concentration ofhydrogen peroxide necessary to cause a 50% specific 5"Cr release after 10 h of incubation was 14 
Having demonstrated that epithelial cells were more resistant to hydrogen peroxide-induced killing compared with endothelial cells, we questioned whether this resistance was associated with a greater ability of epithelial cells to metabolize hydrogen peroxide. To answer this question, we added 200 ,d of 50 gM hydrogen peroxide in D-PBS to wells of a 96-well plate containing monolayers of alveolar epithelial or endothelial cells. The hydrogen peroxide concentrations ofthe media were sampled over time and decay curves constructed (Fig. 4) . The half-life of hydrogen peroxide in the media ofwells containing epithelial cells (48.9 min) was shorter than that of the endothelial cells (108.2 min), indicating that epithelial cells were able to metabolize hydrogen peroxide at a greater rate than endothelial cells.
To evaluate the role of neutrophil-derived proteolytic enzymes, antiproteases were added to the media. In particular, soybean trypsin inhibitor, a1-antitrypsin, aprotinin, PMSF, and MeoSuc-ala-ala-pro-val-CH2Cl were individually added. Soybean trypsin inhibitor, a,-antitrypsin, and aprotinin reduced epithelial cell killing as measured by 51Cr release (Table III) Table II . § Probability that the difference from positive control is due to chance. i neutrophil-induced injury at 0.1 mM but protected was noted. As a control condition, 1 mg/ml bovine serum al-M. The reason for this biphasic response was not inbumin was added and no reduction in 51Cr release was seen d. MeoSuc-ala-ala-pro-val-CH2Cl was toxic to epithelial (data not shown). Fetal bovine serum which contains several oncentrations above 0.01 mM. When it was added to antiproteases also inhibited epithelial cell killing (Table III) . bation media at 0.01 mM, no epithelial cell protection To determine whether the protective effect of aI-antitrypsin was dependent upon its ability to inhibit neutrophil elastase, aIantitrypsin was oxidized with N-chlorosuccinimide, a process which destroys its elastase-inhibitory activity (14) . We then added either native or oxidized aI-antitrypsin to the cytotoxicity assay ENDOTHELIAL system. We found that the protective effect of 1 mg/ml native of epithelial cell lysis (Table IV) . To determine whether protec- tion by dextran sulfate was dependent upon the electrical charge of the molecule, cytotoxicity assays were performed using uncharged dextran. We found that the neutrophil-induced cytotoxicity was not diminished in the presence ofuncharged dextran. Because the above studies suggested that neutrophil granule contents might be causing the injury, we tested the cytotoxic effect of various neutrophil fractions. To determine whether neutrophil lysates contained cytotoxic factors, epithelial cells were exposed to neutrophils which had been disrupted by sonication for 30 s. No significant increased "Cr release was seen (Table V) . Because many ofthe neutrophil proteases and cationic proteins are contained in azurophilic granules, we exposed monolayers of epithelial cells to the contents of purified azurophilic granules (Table V) . When epithelial cells were incubated with up to 0.1 mg/ml azurophilic granule protein, no significant cellular lysis was detected. Similarly, when epithelial cells were exposed to 0.1 mg/ml specific granule protein, no increased cytotoxicity was observed. It is possible that neutrophil azurophilic granules do contain the agents responsible for the observed epithelial cell injury, but the agents are inactivated during preparation. To partially address this possibility, we measured the ability ofthe isolated azurophilic granules to digest two different substrates. Using porcine pancreatic elastase as a standard for comparison, we found the presence ofproteolytic activity in our preparations of azurophilic granules. The specific activity was 2.1±0.2 (SD) U/mg granule protein toward elastin-orcein and 9.4±2.3 U/mg granule protein toward Azocoll (a substrate that detects a broad range of protease activities).
We also used purified human neutrophil elastase in our cytotoxicity assay. We found that elastase in the amount contained in 2 X 106 neutrophils (44) failed to increase the percentage of specific "Cr release (Table V) . In addition to the proteases contained within the granular fractions of neutrophils, protease activity has also been found associated with neutrophil plasma membranes (45). We were not able to implicate plasma membrane-associated proteases as a cause of increased "Cr release in that lysed neutrophils (Table V) and neutrophil cytoplasts did not injure the cells. To determinewhether a stable cytotoxic factor was released into the media by PMA-stimulated neutrophils, epithelial cells were exposed to supernatants from wells in which PMA-stimulated neutrophils were incubated for 10 h. A statistically significant, although quantitatively small, increase in the percentage of specific "Cr release was noted (Table V) . The inability of stimulated neutrophil supernatants to cause substantial cytotoxicity also demonstrates that neutrophil-induced killing was not caused by depletion of a vital factor from the media. To determine whether a metastable cytotoxic factor was released by neutrophils but inactivated during the 10-h incubation, neutrophils were placed into wells and after sedimenting for 15 min were stimulated with PMA. After an additional 15 or 30 mi, the supernatants were transferred to wells containing "Cr-labeled epithelial cells and the cytotoxicity was measured after 10 h of incubation. No significant increase in the percentage of specific "Cr release was noted (P > 0.2, n = 4).
We tested the possibility that protection caused by the abovementioned agents was due to reductions in neutrophil viability. Neutrophils preincubated with "Cr were stimulated with 25 ng/ ml PMA in the presence of the various antiproteases and polyanions. None of the inhibitors caused increased extracellular release of 5'Cr when tested at the highest concentrations used in the cytotoxicity studies (P > 0.4). We also considered that the protection associated with the previously mentioned agents might be due to inhibition of neutrophil activation. We found that the release of superoxide (23.8 nmol/106 cells over 30 min) from PMA-stimulated neutrophils was not reduced by the presence of inhibitors that were used in the previously mentioned experiments (P > 0.05). Similarly, the percentage of lysozyme released after PMA stimulation (31.8% in 30 min, n = 8) was not reduced by the presence of the inhibitors (P > 0.5). PMA, which is known to be a relatively poor agonist for myeloperoxidase secretion, caused 11.9% of neutrophil myeloperoxidase to be released after 4 h of incubation (n = 4). None of the inhibitors reduced this by >1.5%.
During the cytotoxicity studies using intact neutrophils, the neutrophils were allowed to sediment onto the epithelial cell monolayers before PMA was added. IfPMA was not added, few of the neutrophils adhered during an additional 30 min of incubation (Table VI) . In contrast, if PMA was added, most of the neutrophils adhered by 30 min. To determine whether neutrophil adherence was an important factor in the cytotoxic process, a monoclonal antibody (anti-Mol) was used because it inhibits neutrophil adhesive interactions (46) . Anti-Mol does not alter activation of neutrophils that have been exposed to soluble stimuli (19) . To determine whether anti-Mo 1 antibody would inhibit neutrophil adherence to epithelial monolayers, 5"Cr-labeled neutrophils were pretreated with anti-Mol antibody for 10 min. The neutrophil suspension was then transferred to a 24-well plate containing monolayers of epithelial cells. After 15 min, PMA (25 ng/ml) was added and neutrophil adherence was measured after an additional 30 min as described in Methods. We found that anti-Mol antibody reduced the adherence of neutrophils to epithelial cell monolayers (Table VI) . By indirect immunofluorescence analysis, we found that anti-Mol antibody, which is known to bind to neutrophils, did not bind to the epithelial cells. Therefore, we believe that the ability of anti-Mo 1 antibody to inhibit neutrophil adherence to epithelial cells was due to its effect on neutrophils and not on epithelial cells. To determine whether the inhibition might be a nonspecific effect of antibody, parallel experiments were performed using two other IgG2a monoclonal antibodies, anti-Mo5 and an antiIa. Anti-Mo5 antibody binds to human neutrophils but does not alter aggregation (47) or activation (19) . The anti-Ia antibody does not bind to neutrophils. We found that anti-Mo5 and antiIa antibodies did not inhibit neutrophil adherence to epithelial cell monolayers (Table VI) .
To demonstrate the alteration visually in cell-cell contact caused by the anti-Mo 1 antibody, neutrophils were allowed to sediment onto epithelial cells for 15 min in the presence ofeither anti-Mo1 or anti-Mo5 antibody. PMA was then added, and after 30 min of incubation, the cells were fixed by gently adding an equal volume of 4% glutaraldehyde (Fig. 5) . In cultures containing anti-Mo 1 antibody, the neutrophils appeared rounded and had limited contact with the underlying epithelial cell monolayer. When anti-Mo5 antibody was used as a control condition, the PMA-stimulated neutrophils had an extensive area of contact with the epithelial cell monolayer. The effect of anti-Mo 1 antibody on neutrophil-induced epithelial cell cytotoxicity was tested in our standard assay. Neutrophils were pretreated with antibody for 10 min and then the cellular suspension was added to 96-well plates containing 5"Crlabeled epithelial cell monolayers. After 15 min, PMA was gently added, and the percentage of specific 'Cr release was measured after 10 h. We found that anti-Mo1 antibody caused a dosedependent reduction in 5"Cr released from epithelial cells (Table   VII) . As control conditions, the effects of anti-Mo5 and anti-Ia were also tested. These two antibodies caused only slight inhibition of neutrophil-induced injury of epithelial cells. The doseresponse experiments were performed using monoclonal antibodies contained in mouse ascitic fluid. The results were confirmed using purified antibodies at one concentration (Table VII) .
To determine the critical time during which adherence is important, we exposed epithelial cells to neutrophils that had been stimulated with PMA at various times before being transferred to the epithelial cell-containing wells (Table VIII) . Compared with our usual protocol in which neutrophils were allowed to sediment onto the monolayers before the PMA was added, we found that cytotoxicity was less if the PMA was added simultaneously with the neutrophils. The longer the time interval between stimulation and transfer ofneutrophils to the wells, the less cytotoxicity was noted. If 10 min elapsed, the amount of 5'Cr release was not greater than that of unexposed epithelial cells.
Because neutrophil adherence appeared to be important for cytotoxicity, we questioned whether some ofthe protection noted in experiments using inhibitors might be due to alterations in adherence rather than the intended mechanism. To test this possibility, neutrophils were added to epithelial cells in the presence of the various inhibitors. After allowing 15 min for the neutrophils to sediment onto the epithelial cell monolayer, phorbol myristate etate (25 ng/ml) was added. After an additional 30 min of incubation, the percentage of neutrophil adherence was measured as outlined in Methods. As noted previously, we found that relatively few unstimulated neutrophils adhered to the epithelial cell monolayer (Table IX) . In contrast, the majority of neutrophils stimulated with PMA adhered to the monolayer. The antiproteases soybean trypsin inhibitor, a,-antitrypsin, aprotinin, and fetal bovine serum reduced the adherence ofneutrophils to the epithelial monolayer. The reduced adherence associated with fetal bovine serum was not due to species differences between the serum and cells because similar reductions in adherence were noted with human or rat serum (data not shown). The reduced adherence was not due to a nonspecific effect of protein in that PMA-stimulated neutrophils adhered normally in the presence of bovine serum albumin. The polyanions heparin and dextran sulfate were associated with small but statistically insignificant reductions in neutrophil adherence to epithelial cells. 
Discussion
Neutrophil-induced killing ofalveolar epithelial cells by a mechanism independent of neutrophil-generated oxygen metabolites has not been previously described. In this study we measured epithelial cell damage by monitoring the extracellular release of 5'Cr from previously labeled cells. This technique has been previously used as a measurement of cellular death by many investigators, some of whom are cited for other reasons in this paper (35-38, 40, 42, 48-50) . In this study, we confirmed the presence of cellular damage by an additional technique. Cells were preincubated with [13H]leucine to allow a radioactive marker to be incorporated into cellular macromolecules. The pattern of extracellular leakage of 3H from epithelial cells exposed to stimulated neutrophils closely approximated that of 51Cr suggesting that both methods were measuring loss of epithelial cell integrity.
Neutrophil-mediated injury of epithelial cells could be induced by several neutrophil stimuli. Although PMA was associated with the greatest amount ofepithelial cell injury, we found that the calcium ionophore A23 178 and serum-treated zymosan were also able to stimulate neutrophils to cause increased 51Cr release from epithelial cells. Thus, the processes leading to epithelial injury are not due to unique PMA effects but can also be initiated by another, unrelated soluble stimulus (A23187) and by a particulate stimulus (serum-treated zymosan).
Suttorp and Simon (49) previously reported that mouse peritoneal neutrophils were able to kill monolayers of L2 cells. t Results are expressed as the percentage of specific 5"Cr released (mean±SE, n = 4) from epithelial cells after 10 h of exposure to stimulated neutrophils. § Probability that the difference from "-15 min" is due to chance.
11In accordance with our standard cytotoxicity assay protocol, unstimulated neutrophils were added to wells and allowed to sediment for 15 min, after which PMA was added. Other investigators have demonstrated that in some experimental systems, neutrophils can kill cultured endothelial cells using oxygen radicals (35) (36) (37) (38) . Because we found that neutrophilgenerated oxidants did not play a major role in the killing of alveolar epithelial cells, it would appear that the epithelial cells were more resistant to exogenous oxidants. We confirmed this by demonstrating that the concentration of hydrogen peroxide necessary to kill 50% of the target cells was 14 times higher for epithelial than for bovine pulmonary artery endothelial cells. The alveolar epithelial cells also metabolized exogenously added hydrogen peroxide at a faster rate than did the endothelial cells. Varani and colleagues (38) have studied these endothelial cells and demonstrated that oxygen metabolites were involved in the process of neutrophil-induced injury.
Ayars and colleagues (50) also studied the effects of PMAstimulated neutrophils on alveolar epithelial cells. In contrast to our results, they did not find neutrophil-induced killing as measured by a 51Cr-release assay. Similarly to the present study, these authors used rat alveolar epithelial cells and human neutrophils. The reasons for the discrepancy are unknown but may be secondary to a variety of factors. For example, the response of neutrophils to stimuli depends upon the technique used to isolate the cells (53) . In addition, there are differences between studies in the procedures used to isolate rat epithelial cells and in their time in culture. Also, the media used in the cytotoxicity experiments differed. A similar situation exists in the field of neutrophil-induced endothelial cell injury in which the studies performed by some investigators demonstrate neutrophil-induced killing (35-38) whereas others do not (48) . Instead of epithelial cell killing, Ayars and colleagues (50) found and characterized a neutrophil-induced detachment of epithelial cells from the culture dish. Our study was not designed to address this phenomenon.
Close apposition of neutrophil and epithelial cell membranes appeared to be important for optimal killing. A requirement for close contact between neutrophil and target cell has been described in other systems (35, 54, 55) . We noted that cytotoxicity in our system decreased when adherence of neutrophils to epithelial cells was reduced by pretreatment with anti-Mol antibody (specific for an adhesion-promoting neutrophil glycoprotein [gp155,94] [46] ). Other investigators have used this approach to examine the role of adherence in neutrophil-induced injury of cultured endothelial cells (56) . In particular, these authors used a monoclonal antibody (MAb 60.3) which binds to a different epitope of gp155,94 but also inhibits adherence.
Neutrophils treated with anti-Mo1 antibody still sedimented onto the epithelial monolayer and were thus physically close to their targets. However, transmission electron microscopy indicated that extensive membrane-membrane contact did not occur as it did in anti-Mo5-treated control cells. This reduced contact was quantified by reduced neutrophil adherence to epithelial cells. Apparently, it was insufficient for the neutrophils to be merely close to epithelial cells in order to kill them. Extensive contact between neutrophil and epithelial cell membranes appeared to be required. We speculate that intimate contact may be important by allowing the neutrophil to subject the target cell to very high concentrations of its secretory products. Alternatively, the neutrophil cytotoxic mechanism may be membrane bound, thus requiring physical contact between neutrophil and target cell.
We found that a variety of antiproteases partially protected epithelial cells from neutrophil-induced injury. However, when intact neutrophils were replaced with either neutrophil lysates, neutrophil-conditioned media, purified neutrophil azurophilic or specific granule contents, or purified neutrophil elastase, we did not see a similar cytotoxic effect. The purified azurophilic granule contents retained elastolytic and nonspecific protease activity. Thus, the cytotoxic mechanism in our system is different from that reported by Smedly et al. (57), who found that elastase was cytotoxic to endothelial cells in their system. Although plasma membrane-associated neutral proteases have been implicated as an agent of injury in other in vitro systems (45), we saw no cytotoxic effect when epithelial cells were exposed to neutrophil lysates or neutroplasts. The failure to demonstrate cytotoxicity using these neutrophil-derived products may be due to instability of the toxic agent(s) or requirements for higher local concentrations.
A possible explanation for some ofthe inhibition of neutrophil-induced killing by antiproteases comes from our observation that neutrophil adherence was reduced in the presence of these inhibitors. Because the anti-Mo 1 experiments suggested that decreased adherence reduces the cytotoxic effect of stimulated neutrophils, we speculate this may be a mechanism responsible for part of the protection seen with antiproteases.
Because neutrophil cationic proteins have cytotoxic effects in some experimental systems (3943), we investigated the effect of these agents by adding to the neutrophils polyanions that would electrostatically bind to the cationic proteins. Previous reports have demonstrated that polyanions inhibit cationic protein-dependent microbicidal activity (39, 40, 42) . Both heparin and dextran sulfate reduced epithelial cell killing. Additional information, however, questioned the primary role of cationic proteins in causing cellular injury. Specifically, the contents of purified azurophilic granules (which contain the cationic proteins) did not injure the epithelial cells.
In vitro studies have demonstrated that neutrophils possess a wide variety of microbicidal armaments. Both oxygen metabolite-dependent and -independent processes have been elucidated (43, 58) . The redundance of these protective mechanisms is demonstrated by the existence ofpatients with profound defects in single microbicidal systems yet these patients are able to kill many types ofinvading microorganisms. It should therefore not be surprising that in vitro studies of neutrophil function also reveal a variety ofcytotoxic mechanisms, both oxygen metabolite dependent and independent. By extrapolating to the intact experimental animal or human, we would suspect that neutrophilinduced epithelial cell injury caused by inflammation is also likely to be multifactorial.
In summary, we have demonstrated that stimulated human neutrophils can kill isolated rat alveolar epithelial cells. The process of cellular injury did not require neutrophil-generated oxygen metabolites. Adherence of neutrophils to epithelial cells appeared to be an important component ofthe cytotoxic process.
